Wireless power transfer via inductive link is becoming a popular choice as an alternate powering scheme for biomedical sensor electronics. Spiral printed circuit board (PCB) inductors are gaining attractions for wireless power transfer applications due to their various advantages over conventional inductors such as low-cost, batch fabrication, durability, manufacturability on flexible substrates, etc. In this work, design of a multi-spiral stacked solenoidal inductor for biomedical application in 13.56 MHz band is presented. Proposed stacking method enhances the inductance density of the inductor for a given area. This paper reports an optimization technique for design and implementation of the PCB inductors. The proposed scheme shows higher inductance and better figure-of-merit values compared to PCB inductors reported in literature, which are desirable for wireless power transfer system.
Introduction
With the advancement of biomedical instrumentation technologies, sensor based remote healthcare monitoring system is gaining increasing attention in the recent years. These sensors can be classified as wearable or implantable. While the wearable sensors are placed outside the body, the implantable types are placed underneath the skin or inside the body cavity typically via surgical means. Implantable sensors are designed to acquire the information on the vital physiological phenomena by monitoring blood glucose level [1] [2] [3] , lactate in the bloodstream or tissues [4] , pH, oxygen, and minimally invasive monitoring of pressure in blood vessels and intracranial compartments, etc. [5] . These sensors include associated electronic circuits for signal processing and data transmission. Powering these circuits is always a crucial design challenge since the batteries are typically not allowed in an implantable system which can come in contact with blood resulting in serious health risks and can be fatal in some cases. An alternate approach is to supply power wirelessly for tether-less and battery-less operation of the circuits. Inductive coupling is the most common method of wireless power transfer (WPT) to the implantable sensors [6] [7] [8] [9] . For good inductive coupling, the inductors should have high inductance (L) as well as high quality factor (Q) [10] . But the physical dimensions of the implanted inductors cannot be large due to various biomedical constraints. Therefore, there is a need for small sized and high inductance, high quality factor inductors for implantable sensor applications. Inductors account for more than 90% of the size of the total implantable system and therefore the reduction of the size of the inductor will significantly reduce the area and the volume of the overall system.
Efficiency of an inductive link in parallel resonance can be described as [11] ,
where, Q 1 and Q 2 are the unloaded quality factors of the primary and secondary coils, respectively and "k" is the mutual coupling which has a value ranging from 0 to 1. This equation confirms that the efficiency increases as k 2 Q 1 Q 2 increases, and therefore the first and the foremost design consideration in an inductive link design is the attainment of the highest possible unloaded Q and k. These two vital parameters are functions of shape, size and relative positions of the coils.
where ω is the frequency, L 1 and L 2 are the inductances and R 1 and R 2 are the resistances of the primary and the secondary coils, respectively. It is evident from this equation that increasing the inductance value of the inductors will increase the efficiency of the overall system. Therefore small sized high inductance coil has two distinctive advantages-high link efficiency and smaller size that increases the feasibility of placing WPT based implantable system in various biomedical applications.
There are various types of inductors designed for various system applications. For example, spiral printed circuit board (PCB) planar inductors are widely used in RF applications. PCBs are inexpensive, low-cost and can be fabricated in large amounts in batches. Their geometries and aspect ratios can be optimized, which make them suitable for implantable systems placed underneath the skin or within the epidural space [12] . PCBs fabricated on thin flexible substrates can also comply with body curvatures. For example, Shah et al. proposed PCBs for neuroprosthetic transcranial telemetry applications [13] . Micromachining techniques have also been proposed for fabrication of rigid hermetically sealed PCBs on silicon wafers or low-temperature co-fired ceramics (LTCC) [14, 15] .
In this work, design of PCB inductors for WPT in biomedical applications is presented. The organization of the paper is as follows: Section 2 discusses the design of three-dimensional multi-spiral inductor and mathematical models of the inductors. Section 3 discusses the figureof-merit based optimization process. Section 4 demonstrates the measurement results and compares the result with published works reported in literature. Section 5 draws the conclusion of the paper.
Design of 3-D Multi-Spiral Inductor

PCB Inductor
In this work, PCB inductors are designed for targeted biomedical applications. The targeted frequency of operation of the inductors is 13.56 MHz which fall within the license-free industrial, scientific, and medical (ISM) band. In this frequency band, the amount of allowable maximum electric field through human tissue is higher than other high frequency bands due to the requirements imposed by Federal Communications Commission (FCC) [16] . The distance between the transmitter and the receiver coils is assumed to be 10 mm, which is a reasonable distance for most biomedical applications [12] . The size of the PCB inductor is chosen to be 10 mm × 10 mm to comply with the size constraints of an implantable system. The structure of a commercial 4-layer PCB is utilized with FR-4 as the substrate material and copper as the metal layer.
The inductors are designed and simulated using Sonnet TM software [17] . The software provides precise RF models (S-, Y-, Z-parameters or extracted SPICE model) for planar circuits and antennas by employing a rigorous method-of-moments (MoM) electromagnetic (EM) analysis based on Maxwell's equations and including all parasitic, cross-coupling, enclosure and package resonance effects.
Total inductance of a spiral can be expressed as the algebraic sum of the self and mutual inductances present [18] . The positive mutual coupling is additive towards the total inductance and the negative mutual coupling decreases the value of the total inductance. As such, the inductance can be increased if the effective mutual coupling between the metal lines functions as the positive coupling. Self-inductance is also proportional to the length of the conductor [19] . This concept is utilized and expanded to design multi-stacked spiral solenoidal inductors. As shown in Figure 1(a) , the length of the coil in a single layer is increased as the spiral approaches the center, but the negative mutual inductance becomes prominent and the magnetic loss also increases. This limits the maximum point up to which the length of the coil can be increased in a single layer. Parasitic series resistance also increases with the increase in the length of the coil which affects the value of Q and increases loss in the inductor. There is a trade-off among the number of turns, inductance, quality factor and resistive power loss in an inductor. In the proposed design, the inductance is further increased by stacking the inductors on top of each other in such a way that the flow of current always follows the same direction. The flow of current in the designed inductor is inward in layer 1, it becomes outward in layer 2, and it becomes inward again in layer 3, as shown in Figure 1(b) . The inductance of a solenoid is proportional to the magnetic flux density associated with it. If the magnetic flux density of a solenoid is increased it will result in an increase in the overall inductance value. By having a solenoidal structure the current is allowed to flow in the same direction and the magnetic flux inside the loop becomes monodirectional thereby effectively increasing the overall inductance of the structure.
Mathematical Modeling of PCB Inductor
Single Layer Spiral
The π-model of single layer inductor is shown Figure 2 . Here, L is the inductance, R s is the series resistance, C f is the capacitance between coils, and C p 1 and C p 2 are the parallel capacitances from the metal layer to the substrate. For a single layer spiral inductor, Mohan et al. [20] deemed the following equation after Greenhouse [21] , which is known as the "Greenhouse formula", 
where, n is the number of turns, d 0 and d i are the outer and inner diameters of the coil, respectively, and φ is the fill factor which is equal to     0 0 i i . These geometric parameters are shown in Figure 3 . The length of the conductive trace, l c and the DC resistance, R dc can be expressed as,
where, ρ c is the resistivity of the conductive material, t c is thickness, w and s are the line width and the spacing between the metal traces of the inductor, respectively. The skin effect will increase the AC resistance of the coil at higher frequencies and should be taken into account. Considering standard 1 oz. copper (weight of copper in a 1 square foot board), the thickness of the coil in a single layer PCB is 35.56 μm. The skin depth is calculated to be 20.89 μm at 13.56 MHz. Due to the skin effect most of the current will flow through this skin depth resulting in an eventual increase in the resistance. There are two types of insulating materials affecting this capacitance: one is air or the coating insulator that fills the gap between adjacent traces and the other is the PCB substrate, which could be ceramic, polyimide, or FR-4. Total parallel capacitance, C p of a PCB inductor is given as,
where, C pc is the capacitance between metal traces through coating, C ps is the capacitance between metal traces through substrate, 0  dielectric constant of the vacuum, l g is the length of the gap, rc  and rs  are the relative dielectric constants of the coating and substrate materials respectively, empirically in the case of air and FR4, α = 0.9 and β = 0.1. The self-resonance frequency (SRF) of the inductor is given by,
Multi-Layer Spiral Inductor
For multi-layer inductors, mutual coupling exists between every layer. layer 1-3 respectively. Considering unidirectional magnetic field and solenoidal structure, the equivalent π-model of single-layer inductor has been expanded for multilayer (i-layer) inductor and the parameters of equivalent π-model are summarized in Table 1 .
Simulation and Measurement Results
The following design parameters are typically associated with a board level inductor design: 1) the number of the metal layers (l); 2) the spacing between the metal traces (s); 3) the width of the metal trace (w); and 4) the number of turns (n). Simulations have been performed by varying these design parameters using Sonnet TM software. Different sets of inductors are fabricated using a commercial 4-layer PCB fabrication process with FR-4 as the substrate material. The fabricated inductor is shown in 
Variation of Number of Metal Layers (l)
Inductors have been designed with the number of metal layers varying from 1 to 4 and the results are shown in Figures 7(a) and (b) . Increasing the number of metal layers increases the inductance value. When the number of metal layer is increased it increases the length of the inductor which in turn increases the value of the inductance (see Table 1 ). This proves that proper stacking is an effective way to increase the inductance of a structure. 
Series
Variation of Metal Spacing (s)
The spacing (s) between metal traces also changes the effective inductance value. Metal spacing is varied from 0.25 mm to 1.25 mm for the designed inductors and results are shown in Figures 8(a) and (b) . For the frequency of 13.56 MHz, the measured values of the inductance are compared with the simulated values in Figure  8 (b). It can be seen from the figures that the increase in metal spacing decreases the value of the inductance. When the metal spacing is increased, the mutual coupling between the coils is decreased and as a result the overall inductance is decreased. 
Variation of Metal Width (w)
Inductance of the designed inductor is also affected by the variation of the metal width (w). The metal width is varied from 0.25 mm to 1 mm for 4-layer PCB inductors. The variation of the inductance with the increase in the metal width is depicted in Figures 9(a) and (b) . The inductance is decreased with increase in metal width, which is shown in Figures 9(b) and the measured values are compared with simulated values for 13.56 MHz frequency. It can be seen that as the width is increased the inductance is decreased. The effective length of the total conductor is decreased as a result of the increase in metal width leading to the decrease in the inductance values.
Variation of Number of Turns (n)
The change of the number of turns (n) affects the inductance of the proposed inductor. The number of turns varied from 2 to 6 for 4-layer PCB inductors. The variation of the inductance with the increase in the number of turns is illustrated in Figure 10 . The inductance is increased as a function of the number of turns following the Greenhouse formula, as shown in Figure 10 (b).
Design Optimization
The objective of the proposed design is to optimize PCB inductor for biomedical applications. As such, it is desirable to achieve the highest possible inductance and the quality factor for the targeted 13.56 MHz application considering the level of specific absorption rate (SAR) in the human body. Figure- of-merit (FOM) of an inductor is defined by Tai et al. [1] as,
Instead of using arbitrary values, the L and Q values at 13.56 MHz are used in Equation (8) 13.56 MHz (FOM 13.56 MHz ) for design optimization.
The target of the optimization is to obtain the maximum possible FOM 13.56 MHz from the given design constraints. The effects of the variation of the number of layers, metal spacing, metal width and number of turns with respect to FOM 13.56 MHz are plotted in Figures 11(a)-(c) . It is evident from the figures that lower metal spacing, lower metal width, higher number of metal layers, and higher number of turns can lead to higher FOM 13.56 MHz , which is also in accordance with the test results achieved in Section 3. The results are summarized in Figure 11(d) . The upper limits of the optimization process are set by the specific PCB process, the number of available metal layers, tooling procedures, the lowest possible metal width, parasitic resistance, the lowest possible spacing between metals, parasitic capacitances, and the SRF. There is a tradeoff between the FOM and the SRF for specific frequency optimization.
The PCB inductor is optimized based on FOM 13 .56 MHz and the design parameters are summarized in 
Comparison with State of the Art Work
This work is compared with other PCB inductor designs reported in literature as illustrated in Table 3 . The inductance value (L) in each of these cases remains almost constant at low frequencies. The low frequency inductance value and the maximum Q (regardless of the frequency at which the maximum Q occurs) along with the area occupied by the inductors are used following [22] to evaluate the figure-of-merit which reflects the overall performance of the inductor. It needs to be emphasized that different inductors are optimized at different frequencies. Thus for comparison purposes the Q at the op- proposed multi-spiral inductor. This supports the notion that the multi-spiral solenoidal structure is a successful method of designing high performance inductors.
Conclusion
In this paper, design of a multi-spiral solenoidal stacked PCB inductor for biomedical applications has been presented. This stacking method reduces the footprint of the inductor and increases the inductance density. Method of moment based electromagnetic simulation has been performed to design the inductors. A figure-of-merit based timized frequency is used to calculate FOM. From the table, it is evident that the proposed scheme demonstrates the highest FOM and the highest inductance density (L/A) compared to other reported works. Ref [12] reported inductors optimized at 13.56 MHz with FOM 13.56 MHz calculated to be 306 as compared to 1068 achieved with the optimization technique has been introduced and utilized to optimize the design. A π-model for the multi-spiral inductor is also proposed based on the empirical formulas. PCB inductors occupying an area of 100 mm 2 are fabricated using a commercial 4-layer fabrication process. Measurements have been carried out and the test results are presented. Test results demonstrate that the proposed inductor provides higher inductance, good inductance density, and a better figure of merit value compared to similar works reported in literature. This leads to higher link efficiency of the overall system.
